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Abstract 
In this thesis, two different projects are reported in two chapters. The first chapter 
describes solar steam generation by heat localization method. Herein, we worked 
towards the generation of high pressure steam using heat localization which can be used 
in small scale power generation units. The development of the corresponding material 
structure used in the generation of steam has also been reported in this chapter. The 
second chapter illustrates the thermal management of high temperature system with 
suppression of Leidenfrost phenomena. Here, we report a material paradigm which 
increases the Leidenfrost point (LFP) substantially compared to other state of the art 
approaches and we also substantiate the corresponding theoretical results with 
simulations and experimental results. 
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Chapter 1 
 
Flexible Artificially Networked Structure for 
Ambient/High Pressure Solar Steam Generation 
  
2 
 
Abstract 
Heat localization approach has promised a new route of solar steam generation with 
higher efficiency than the current bulk heating approaches. In this approach, the material 
structure localizes the absorbed solar energy, forms a hot spot, and wicks the fluid to the 
hot spot for steam generation. Non-equilibrium nature of this approach minimizes energy 
losses leading to its superior performance to the equilibrium approaches. However, so far, 
the generated steam is only in the ambient pressure, not suitable for high-pressure 
applications. Here, we report development of a flexible artificially networked material 
structure highly efficient for ambient and high pressure steam generation with integrity for 
large-scale and various geometry implementation. The structure generates steam in the 
temperature range of 100-156 oC and pressure of 100-525 kPa under the solar irradiation. 
This material structure promises a robust and highly efficient approach for solar steam 
generation. 
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1. Introduction 
Among renewable energy resources, solar irradiation is the most abundant resource and 
can in principle supply multiple of the global energy needs.[1–3] Efficient harvesting of 
solar energy for steam generation is a key factor in a wide range of applications including 
solar power generation, absorption chillers, and desalination system to compact 
applications such as water purification, sterilization, and hygiene systems and even food 
processing.[4–7] The solar steam generation has a critical footprint on the economical 
development and health systems in remote areas where sun is the only abundant source of 
energy.   
Currently, methods of steam generation through solar energy use an intermittent 
medium such as surface or cavity to absorb radiative energy and transfer this energy to the 
bulk fluid. Thus, the steam generated is in thermal equilibrium with the bulk fluid. This 
approach leads to significant losses by the optical systems and the hot bulk liquid. New 
concepts such as volumetric receivers and nanofluids are studied to provide a uniform 
temperature in the bulk fluid and consequently minimize the surface losses by the bulk 
heating methods.[8–13] Localization of heat on the surface of nanoparticles suspended in 
a cold bulk fluid is shown as a viable non-equilibrium approach for steam generation.[14–
22] Neumann et al. and other researchers have succeeded to generate steam through this 
approach with high intensity electromagnetic illumination in magnitude order of 103 
𝑘𝑊𝑚−2.[23–26] Although this non-equilibrium approach leads to low heat losses to the 
cold bulk fluid, the high concentration of electromagnetic irradiation limits the efficient 
implementation of this approach and applicability for stand-alone compact systems. 
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Furthermore, high optical concentration adds complexity and cost to the solar thermal 
conversion systems.  
Recently, an approach and corresponding material structure was developed that 
implemented the heat localization concept at the liquid-vapor interface rather than internal 
of bulk cold liquid. The developed structure called, double-layer structure (DLS), leads to 
steam generation at higher efficiency (~%85) and at much lower concentration intensities 
(10 𝑘𝑊𝑚−2) compared to the other methods.[27] This approach paves the way for efficient 
implementation of solar steam generation in a wide range of disciplines. Recently, other 
new materials structures such as plasmonic films, carbon black films, porous Graphene, 
polypyrrole (PPy) coated stainless steel mesh, and thin-film black gold membrane are also 
suggested for solar steam generation.[28–34] However, the generated steam by all of these 
structures is at ambient pressure (1 atm) and cannot be utilized in high-pressure 
applications such as power generation, absorption chillers, and autoclave sterilization 
systems. In addition, the rigid nature and cost of these structures adversely affect their large 
scale and various geometry implementations.  
Here, we report development of a flexible artificially networked material structure for 
solar steam generation in both ambient and high pressures with higher efficiency than other 
state-of-the-art structures. The developed structure is a porous polymer structure with 
artificial veins and is fabricated in a two-step process needed to achieve the required 
thermal and hydrodynamic properties. The fast dynamics of wetting, low thermal 
conductivity, and high absorption in the solar spectrum lead to superior performance of 
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this structure for steam generation. The flexibility and integrity of this structure allows for 
facile large-scale implementation. 
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2. Material Structure  
A robust material structure for heat localization at the liquid-vapor interface needs 
to possess five characteristics:  
 Highly absorbing in the solar spectrum  
 Buoyant at the liquid surface  
 Low thermal conductivity for heat localization  
 Fast dynamics of wetting for continuous fluid transport to the liquid-vapor interface 
 Integrated and flexible for large-scale implementation.  
High absorption in the solar spectrum, buoyant behavior, and low thermal 
conductivity allows to localizes the irradiated thermal energy near the liquid-vapor 
interface and generate a hot spot. The fast dynamics allows to transport the liquid driven 
by capillary action to this generated hot spot for localized steam generation. To achieve 
these characteristics, we developed a two-step process for fabrication of this structure. The 
schematic of the process is shown in Fig. 1. Polydimethylsiloxane (PDMS) was chosen as 
the skeleton of this material structure to provide the flexibility, buoyant nature of the 
structure on the fluid surface, and low thermal conductivity. We used high internal phase 
emulsion approach for development of this porous skeleton (APPENDDIX I).[35,36] This 
porous skeleton is covered with exfoliated graphite flakes [37,38] to provide high 
absorptivity in the solar spectrum (i.e. absorptivity of >97%). The porous polymer skeleton 
leads to low thermal conductivity of the structure for heat localization. To achieve fast 
dynamic of wetting, the structure needs to have a network of veins for transport of fluid. 
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We have artificially made these veins for transport of the fluid. Scarifying aluminum foam 
is utilized to induce these veins. We examined three types of foam to find the best-
networked structure for solar steam generation. The detailed procedure of development of 
this material is provided in the APPENDIX I and APPENDIX II.  
 
2.2. Characterization of the Material   
The developed structure should have a range of characteristics for solar steam 
generation as shown in Fig. 2. The radiative absorption of exfoliated graphite in the solar 
spectrum (0.25-2.5 μm) is already examined in our previous work [27]. Exfoliated graphite 
has absorptivity of more than 97% in this wavelength spectrum. We measured porosity of 
the developed material structure through fluid displacement approach. The porosity of this 
Figure 1.  (a) A schematic of the flexible artificially networked structure (b) The components include PDMS+Brine 
solution, exfoliated graphite, and the scarifying aluminum foam. (c) While the bulk of the fluid is cold, 
the steam is generated at the surface of this structure at both ambient and high pressures. 
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structure is to 53 ± 3 %. The detail of the experimental approach is given in (APPENDIX 
III). The buoyant characteristic of this structure is resulted from low density of porous 
PDMS skeleton as shown in Fig. 2a. The next required characteristic of this structure is 
fast dynamics of wetting. This dynamics depends on the radius of the artificially developed 
veins in the structure (R) and the contact angle of the fluid on the walls of these veins (θ). 
The dynamics of fluid transport in these veins consists of two regions: inertia dominant 
region and viscous dominant region. As the radius of the veins is in the micron range and 
the thickness of the structure is in the centimeter range (i.e. length-scale for fluid transport), 
inertia dominant region (i.e. entry length) is much smaller than the viscous   dominant 
region. Thus, we have assumed the fluid transport is viscous dominant flow derived by the 
capillary force. To determine the dynamics of the fluid transport in the structure, we placed 
a water droplet on the surface and examined its dynamics as it impregnates the structure as 
shown in Fig. 2b. Through the analysis given in the APPENDIX IV, the calculated radius 
of the artificially developed veins is 30 ± 10 μm and the velocity of the fluid at the surface 
of this structure is ~ 10 cm/s. If we consider an extreme case in which all the irradiated 
solar energy is consumed in the phase-change process, given the velocity of the fluid 
transport to top of the structure, the developed material structure sustains the continuous 
fluid transport even up to 105 kWm-2 electromagnetic illuminations without drying. This is 
an important characteristic of the structures for solar steam generation utilized at high solar 
concentrations.  
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The thermal conductivity of this structure is measured with an IR method. The 
detail of this method is given in the (APPENDIX V). The measured thermal conductivity 
of the structure is 0.267 ± 0.03 Wm-1K-1 as shown in Fig. 2c. As the developed structure is 
one integrated structure with a porous polymer skeleton, it is flexible and can be 
implemented in different geometries.  Furthermore, we examined mechanical, thermal and 
chemical stability of the developed structure. For the mechanical and thermal stability, we 
conducted long-time high-pressure tests reported below. These tests were conducted for 
more than 24 hrs. No change in the structural integrity and performance of the structure 
Figure 2. (a) The structure is buoyant on the water surface. (b) The dynamics of wetting of the structure is shown. 
Once fluid touches the surface of the structure, it is driven to the structures through capillary interaction. 
(c) The thermal conductivity of the structure is examined with IR method.  
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was detected. For chemical stability, the material structure was soaked in a range of 
solutions with PH range of 1-11 for more than 18 hrs (APPENDIX VI). No change in 
structural integrity was detected.  
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3 Performance of the Structures   
Once we characterized the properties of this structure, we used the developed 
experimental setup discussed in the (APPENDIX VII) to assess performance of this 
structure for solar steam generation. We conducted two sets of experiments: ambient 
pressure experiments and high-pressure experiments. For both of these experiments, we 
used the same experimental setup. As diameter of the solar spot is only 25.4 mm, the 2D 
side losses are significant (38-44%, APPENDIX VIII, Fig. 9.). Thus, we conducted 
ambient pressure experiment with the developed samples herein, pure graphite, and 
previously reported DLS and determined the relative efficiencies. The relative efficiency 
(Δ𝜂) is defined as  
 Δ𝜂 = 𝜂 − 𝜂𝐷𝐿𝑆, (1) 
where 𝜂𝐷𝐿𝑆 denotes the efficiency of double-layer structure, the state-of-the-art structure 
for localized solar steam generation.  
3.1 Ambient Pressure Experiment 
The results of the ambient pressure experiments are shown in Fig. 3. First, we examined 
the performance of these structures in the solar concentration of 24 kWm-2. The relative 
efficiency is shown in Fig. 3a. As shown, the sample S1 and S2 have efficiency in the same 
range as other previously reported values. However, sample S3 outperforms all other 
structures. In sample S3, the introduced scarifying aluminum foam was 20 PPI with density 
of 7-9%. That is larger pore size compared to S1, and the lower density of channels 
compared to S2 leads to this high superior performance. We tried aluminum foams with 
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larger pore size (e.g. 10 PPI), but the low density of the developed network adversely 
affected the performance of the structure. Once the optimal networked veins was found, 
we conducted the ambient pressure experiments at a range of solar concentrations and 
compared the performance of S3 networked structure with the exfoliated graphite and DLS. 
As shown, the S3 structure outperforms the other structures, especially at high solar 
concentrations. The energy conservation at the surface of the structure requires that the 
irradiated solar power converts to the three forms of energy: (i) enthalpy of phase-change, 
(ii) energy dissipated through surface convection, radiation, and heat losses to the 
experimental setup, (iii) energy conducted to the underlying liquid. The energy consumed 
in category (i) and (ii) are only a function of temperature of the structure (i.e., close to 
temperature of the generated steam). As temperature of the generated steam in all the 
samples at ambient pressure is ~100 oC (APPENDIX VIII, Fig. 8.), the only difference in 
the efficiency should be related to the heat loss to the underlying liquid. We have measured 
the temperature rise of the underlying liquid as a function of time and plotted for different 
structures at a range of solar concentrations. The results are shown in Fig. 3c. and indicate 
that the structure S3 is the most efficient structure for limiting the energy loss to the 
underlying liquid. In other words, the structure S3 outperforms the other structures in heat 
localization and consequently higher efficiency for solar steam generation. These heat 
localization characteristics are also determined through temperature measurement at both 
sides of the S3 structure, one in the steam generated and the other one in the underlying 
liquid of the structure. These measurements for a long period of time are shown in Fig 3d. 
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As shown, upon the solar irradiation, the structure localizes the energy at top and generates 
steam while the liquid underlying the structure is at cold temperature.   
This non-equilibrium steam generation is achieved by the discussed characteristics of the 
material structure.    
 
 
Figure 3. (a) The relative efficiency of the developed structures at the solar irradiation of 24 kWm-2. (b) The 
performance of the flexible networked structure at a range of solar irradiation. (c) The rate of 
temperature rise of the underlying liquid for different structures at a range of solar irradiations (d) 
The non-equilibrium of solar steam ,while steam is generated at the surface, the bulk liquid is cold. 
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3.2 High Pressure Experiment 
The next objective of this study is to generate high-pressure steam required in a wide 
range of applications including power generation, hygiene systems, and solar cooling 
technologies.  The developed experimental setup is specially designed to address this type 
of experiments. The experimental setup can withstand up to 1.04 MPa. The detail of these 
experiments is provided in the (APPENDIX VII). The results of these experiments are 
shown in Fig. 4. We measured pressure of the generated steam at a range of solar 
concentration shown in Fig. 4a. At high solar concentration (50 kWm-2), we continued the 
experiments for more than 24 hrs to examine the long-term performance of the structure. 
As shown, no change in the performance of the structure is detected. Also, the material 
structure remains intact after the experiments indicating its mechanical and thermal 
stability. At high pressure, the buoyant structure at the liquid-vapor interface experiences 
a compression force by the liquid and the steam. This compression may affect 
configuration of the networked structure and consequently liquid transport to the liquid-
vapor interface. However, continuous pressure rise indicates constant capillary driven force 
for transport of liquid to the liquid-vapor interface. Note that the capillary pressure is only 
a function of dimension of the veins in the structure and is independent of the fluid pressure. 
To assure heat localization by the structure even at the high pressure, we measured 
temperature of the liquid underneath of the structure after 24 hrs under the solar 
concentration of 50 kWm-2, which was 55 oC. That is, heat localization at the liquid-vapor 
interface is achieved even at high pressures. Considering saturation condition at the surface 
of the structure (156 oC), the conduction heat loss through the structure to the underlying 
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liquid is only 3.6%. Note that thickness of the structure is 15 mm. The convection and 
radiation losses from the surface of the structure at 156 oC are approximately 5.2%. That 
is, 91.2% of the irradiated energy is consumed for the solar steam generation. While the 
high-pressure steam is generated, we video recorded the surface of the structure. Boiling 
occurs at the surface of the structure indicating the saturation state of the generated steam. 
This boiling is shown in inset of Fig. 4b. Through the measured pressure of the steam, we 
have plotted the corresponding temperature of steam at the given range of solar 
concentration in Fig. 4b. The results suggest that the structure can generate high pressure 
and temperature steam in the range of 100-156 oC and 100-525 kPa. To the extent of our 
knowledge, this is the first reported high-pressure steam generation through heat 
localization approach. 
Figure 4. (a) The steam pressure as a function of solar concentration is shown. (b) The corresponding 
steam temperature as a function of solar concentration is shown. The inset photo shows the fluid 
at surface of the structure is at the boiling state.  
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4. Conclusions 
We have developed a new flexible artificially networked material structure for solar 
steam generation at both ambient and high pressures through heat localization. The porous 
skeleton of this structure makes the structure buoyant at the liquid-vapor interface and 
reduces its thermal conductivity for heat localization. The exfoliated graphite flakes on this 
skeleton absorb the broad-bond solar illumination and localizes the solar energy in a hot 
spot in this structure. The developed 3D artificial veins efficiently transport the fluid to this 
hot spot for steam generation. This structure outperforms the other reported structures in 
heat localization and consequently leads to higher efficiency in solar steam generation. The 
generated steam with this structure ranges from 100-156 oC with pressure of 100-525 kPa. 
This is the first reported solar steam generation at high pressure through heat localization 
approach. This work opens a new path to implement heat localization approach in high 
temperature/pressure applications including power generation, cooling systems, and 
hygiene devices.  
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APPENDIX I: Synthesis of the flexible artificially networked 
structure for steam generation  
The Polydimethylsiloxane (PDMS) was obtained from Cone Elastomer (Kit 184SIL). 
The hardener in the ratio of 1:10 was added to the PDMS and mixed thoroughly. We used 
the internal phase emulsion approach to develop a highly porous PDMS skeleton. Brine 
with 1:1 ratio is added to PDMS and thoroughly mixed to make a saturated emulsion. The 
diameter of the dispersed water droplets in the emulsion varies in a wide range of length-
scale. These droplets leave the structure through evaporation in polymerization process 
leading to a highly porous polymer skeleton (see Fig. 6). The acid-washed graphite flakes 
are obtained from Ashbury Carbons with product number of 3772. These flakes were 
heated in a microwave for 10-15s to achieve high-surface area fluffy exfoliated graphite. 
Further treatment with microwave did not affect hydrophilicity of the graphite flakes. The 
trapped gases between the graphite layers expand in the heating process and detach the 
flakes from each other. The volumetric exfoliation during this process is approximately 
100 times. The fabricated graphite was added to the PDMS solution and mixed in the ratio 
given in Table 1. To achieve highly-interconnected artificial veins in the structure, we used 
scarifying aluminum foam. The aluminum foam was purchased form K. R. Reynolds 
company (Duocel Aluminum Foam). Three types of the foam were examined in this work, 
20 PPI and 40 PPI (pore per inch) with different density as shown in Table 1.  The foam 
was impregnated with the developed solution of graphite and PDMS. The foam was placed 
in the oven for one hour at 110 oC. After curing of the PDMS skeleton, the aluminum foam 
19 
 
was dissolved by soaking the structure in hydrochloric acid (HCL) 35-38%. The dissolving 
process takes around 48-72 hrs.  The final structure was washed with distilled water.  
Table 1 . Specification of the studied flexible artificially networked structures 
Sample PDMS 
[mL] 
Brine 
[mL] 
Graphite 
[mg] 
Aluminum Foam 
S1 5.5 5.5 0.2 40 PPI (7-9% Density) 
S2 5.5 5.5 0.2 20 PPI (13-15% Density) 
S3 5.5 5.5 0.2 20 PPI (7-9% Density) 
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APPENDIX II: Development of the Porous Polymer Skeleton  
The highly porous PDMS skeleton is developed through high internal phase 
emulsion approach. To show the scale of porosity through this approach, we fabricated the 
samples of pure porous PDMS as shown in Fig. 5. This structure is achieved through 
mixing of brine and PDMS with ratio of 1:1. The mixed solution is cured in the oven at 
110 oC for one hr.  
 
Figure 5. The structure of porous PDMS is shown. The structure includes pore sizes in the range of 2-100 
μm. These pores make the structure buoyant and reduce its thermal conductivity. 
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APPENDIX III: Porosity Measurements  
 We used fluid saturation approach to measure porosity of the structure. First, the 
mass of the dry sample was measured (m1). Next, we filled the structure with isopropyl 
alcohol and measured the saturated mass of the structure (m2). Low surface tension of 
isopropyl alcohol allows for complete wetting of the veins inside the structure.  The mass 
of fluid in the pores is written as (mp=m2-m1). Then, volume of the pores is written as 𝑉𝑝= 
mp/𝜌𝑖𝑠𝑜 , where 𝜌𝑖𝑠𝑜 denotes the density of isopropyl alcohol (792 kgm
-3). In the third step, 
we immersed the saturated structure in a bath of isopropyl alcohol and measured the 
buoyancy force imposed on the structure (W3). The choice of isopropyl alcohol allows the 
structure to become completely immersed in the bath to avoid any uncertainty in the 
buoyancy force measurements. The volume of the structure (𝑉𝑠) is written as  
 
𝑉𝑠 =
𝑊3/𝑔
𝜌𝑖𝑠𝑜 
, 
(A1) 
thus, the porosity of the structure is written as  
 
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑉𝑝
𝑉𝑠
, 
(A2) 
we measured the porosity of S3 structure in five independent measurements. The measured 
porosity is 53 ± 3 %.  
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APPENDIX IV: Dynamics of Wetting 
The dynamic wetting of the structure is examined through high-speed imaging of a 
droplet interaction with the material structure. The high-speed camera (Phantom V711, 
vision research) is utilized in these experiments. Once a porous structure with positive 
imbibition parameter (i.e. hydrophilic surface) comes in contact with a fluid, the fluid 
impregnates quickly in the structure. The dynamics of the fluid flow to the structures is 
divided into two regimes: (i) inertia dominant region and (ii) viscous dominant region. This 
dynamics depends on radius of the channels in the structure, interfacial properties of the 
solid and liquid and the hydrodynamic properties of the fluid. We have used this dynamics 
to determine the average size of the interconnected veins in the structure. We placed a 
water droplet on the surface of the structure and examined its dynamic as shown in Fig. 
2b. A movie of the droplet interaction with the material structure at 30 frame/s is included. 
We consider that the fluid flow in the structure is mostly viscous dominant and use the 
Washburn’s law to determine the average size of the veins in the structure written as  
 
𝒛𝟐(𝒕) =  
𝟏
𝟐
 
𝜸 𝑹 𝐜𝐨𝐬 𝜽
𝝁
 𝒕, 
(A3) 
where 𝒛 denotes the length-scale of impregnation, 𝜸 liquid-vapor surface tension, 𝑹 the 
average dimension of the channels, 𝜽 contact angle, and 𝝁 the viscosity of the fluid. We 
determined the impregnation length through the volume of the droplet divided by the 
wetted area. Also, the contact angle of the water on the exfoliated graphite surface 
measured in Ghasemi et al.[27] is 40o. The average size of the channels is 30 ± 10 μm. 
Also, we can take the derivative of the Washburn’s law to calculate the velocity of the fluid 
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once it reaches the surface of the structure. This velocity is ~ 10 cm/s. If we consider no 
change in the interfacial properties at high solar illumination, the maximum 
electromagnetic illumination on the surface without drying is written as  
 ?̇? = 𝒉𝒇𝒈 𝝆 𝑽, (A4) 
where ?̇? denotes the electromagnetic flux, 𝒉𝒇𝒈 enthalpy of phase change, 𝝆 density of fluid, 
and 𝑽 velocity of fluid in the veins at the surface of the structure.  Thus, the structure can 
sustain the fluid flow to the surface even up to high intensity of electromagnetic 
illumination in order of 105 kWm-2 without drying.  
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APPENDIX V: Thermal Conductivity Measurements 
 Thermal conductivity of the structure is measured through IR method. In this 
approach, the structure is sandwiched between two reference glass slabs with known 
thermal conductivity.  A resistance heater is attached to the top glass slab and the current 
through the heater is tuned to introduce a range of temperature gradient across the sample. 
The setup is placed in front of an IR camera with resolution of 25 μm to measure the 
temperature gradient in the glass slabs and the sample. The IR camera is calibrated by 
measurement of the emissivity map in an isothermal condition. As the thermal conductivity 
of the reference material is known, the measured temperature gradient in the glass slab is 
used to determine the heat flux to the sample. Given the heat flux and the temperature 
gradient in the material, thermal conductivity of the material is determined through Fourier 
equation. The linear correlation of heat flux and temperature gradient suggests a negligible 
contribution of convection losses by the sides in the measurements. 
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APPENDIX VI: Chemical Stability of the Material Structure  
 To examine the chemical stability of structure, we prepared a range of solutions in 
PH range of 1-11. The acidic solutions are prepared through various HCL and water 
concentrations. The basic solutions are Tris 0.15 mM NaCL (PH=8) and Sodium Phosphate 
(PH=11) solutions. We soaked the structure in these solutions for 18 hrs. Figure 6 shows 
the structure before and after each experiment. No change in the integrity of the structure 
is observed. 
 
 
Figure 6. The developed material structure was examined in a range of chemical solutions with the PH range 
of 1-11. The structure before and after each experiment is shown. No change in the integrity of the 
structure was observed. 
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APPENDIX VII: Experimental Setup 
 The experimental setup in this work is specifically designed to assess performance 
of the structure at low and high steam pressures. As shown in Fig. 7, the experimental setup 
includes (1) a cylindrical chamber with diameter of 25.4 mm with an attached flange on 
top; (2) the glass flange (Archon Industries, tempered borosilicate glass) that can withstand 
up to high pressure of 40 bar; (3) a solar simulator equipped with an optical head with 
maximum concentration of 50 kWm-2, (OAI 0131-0293-01 with Aluminum mirror and 1.6 
kW lamp); (4) a power measurement system consisting of a Newport thermopile detector 
(919P-500-65, 500W, 65 mm diameter) and Newport power meter (1918-R); (5) 
thermocouples type T for measurement of liquid and vapor temperatures, (6) A pressure 
gauge (Prosense, SPT25-20-0500A) to measure the pressure of the generated steam, (7) a 
syringe pump (Kd Scientific) to supply the liquid to the chamber; (8) and a data acquisition 
system (National Instruments, NI USB-6210).  
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Figure 7. The experimental setup for ambient and high-pressure solar steam generation. (a) The solar 
simulator with the optical head enables us to conduct the experiments in the solar concentration 
range of 1-50 kWm-2. (b) The measurement instrument and the test chamber are shown. 
The cylindrical chamber is covered with fiberglass insulation to minimize the 2D 
side losses. The chamber has one inlet and one outlet. The inlet of the chamber is connected 
to the syringe pump through a piping system. The outlet of the chamber is left open for 
removal of generated steam.  The syringe pump provides the ability to measure the 
evaporation rate of water accurately in a steady-state condition.  The thermocouples and 
pressure gauge are calibrated before the experiments. The thermocouple in the vapor phase 
is placed at approximately 1 mm on top of the structure.  This thermocouple is coated with 
a white coating to suppress the effect of direct illumination on the temperature 
measurements. The thermocouples in the liquid phase are placed underneath of the 
structure with intervals of 15 mm. All the thermocouples and the pressure gauge are 
connected to the Data Acquisition system and the generated data is collected by a LabView 
program.  The solar intensity at the surface of the structure is measured with the Newport 
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thermopile. Each measurement of the solar intensity is repeated three times and the average 
measured value is reported. The standard deviation in the measurements of solar irradiation 
is less than 2%. We have used a highly reflective aperture with diameter of 25 mm on top 
of the test chamber to form a circular solar illumination spot with the same inside diameter 
of test chamber. All the experiments were conducted for long time to reach steady-state 
condition.  
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APPENDIX VIII: Parasitic Heat Losses by the Experimental 
Setup 
 The parasitic loss of the experimental setup is determined through simulation in 
COMSOL. The temperature of the generated steam at ambient pressure for pure graphite 
and DLS is shown in Fig 8. In all the structures, the generated steam reaches to 100 oC. 
The energy dissipated through surface convection, radiation, and heat losses to the 
experimental setup is only a function of structure temperature (i.e. close to steam 
temperature) and will be the same for all the structures. The difference between the 
performances of different structures is heat dissipated to the underlying liquid.  
 
Figure 8. Temperature of the generated steam and underlying liquid for different structures are shown. For 
both pure graphite and DLS, the generated steam reaches to temperature of 100 oC. However, DLS 
has shorter transient time. 
 Assuming the temperature of top of the structure is close to the steam temperature, 
we have determined heat dissipated to the experimental setup through the simulations. The 
simulated temperature map of the experimental setup is shown in Fig. 9. The boundary 
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condition in these simulations is convective heat transfer with coefficient of 10 Wm-1K-1. 
These simulations suggest that the experimental setup imposes the parasitic losses in the 
range of 38-44% under the solar concentration range of 12-40 kWm-2.  
 
Figure 9. The temperature map of the cross-section of the experimental setup is shown. This experimental 
setup imposes up to 44% parasitic heat loss in the solar steam generation experiments.    
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APPENDIX IX: Energy Dissipation to the Bulk Liquid 
 As discussed above, the thermocouples in the bulk liquid were implemented to 
determine the energy dissipation to the underlying liquid. The transient temperature of 
liquid below the structure (< 2 mm gap between the thermocouple and the bottom of the 
structure) is compared between the developed structure herein and the other state-of-the-
art structures. Lower temperature rise of the liquid is equivalent to better heat localization 
by the structure and consequently more efficient steam generation. These temperature 
trends are shown at various solar irradiations powers in Fig. 10.   
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Figure 10. Temperature rise of the liquid below the structure is shown for different state-of-the-art structures 
at different solar irradiation power (a) 40 kWm-2, (b) 30 kWm-2, (c) 20 kWm-2. Lower temperature 
rise indicates more heat localization by the structure and consequently higher efficiency of steam 
generation. 
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Chapter 2 
 
 
Decoupled hierarchical structures for suppression of 
Leidenfrost phenomenon 
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Abstract 
Thermal management of high temperature systems is limited by the existence of 
the Leidenfrost point (LFP), at which the formation of a continuous vapor film between a 
hot solid and a cooling medium diminishes the heat transfer rate. This limit results in a 
bottleneck for the advancement of the wide spectrum of systems including 
electronics/photonics, reactors, and spacecraft. Here, we report new multi-scale decoupled 
hierarchical structures to completely eliminate the Leidenfrost phenomenon. This structure 
allows to independently tune the involved forces and to suppress LFP. Once a cooling 
medium contacts these surfaces, by re-routing the path of vapor flow, cooling medium 
remains attached to the hot solid substrates even at high temperatures (up to 570 oC) for 
heat dissipation through liquid-vapor phase change with no existence of Leidenfrost 
phenomenon. These new surfaces offer unprecedented heat dissipation capacity at high 
temperatures (two orders of magnitude higher than the other state-of-the-art surfaces).  
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1. Introduction 
Evaporation and boiling are fundamental and core phenomena in a broad range of 
disciplines including power generation and refrigeration systems [1-8], desalination [9,10], 
electronic/photonic cooling [11-24], chemical reactors, aviation systems [25], and even 
biosciences [26-28]. Boiling heat transfer is characterized by the large dissipated heat flux 
for a small given superheat as it relies on the latent heat of the cooling fluid [29-32]. At 
low surface superheats, direct contact of the liquid with the solid substrate allows for very 
high heat dissipation capacity. However, at high surface superheat, formation of an 
insulating vapor layer at the solid-liquid interface limits the heat dissipation and the droplet 
levitates on a layer of vapor [33-40]. The onset temperature of this phenomenon is denoted 
by the Leidenfrost point (LFP) [41-45]. Under such conditions, the heat transfer rate is 
minimal and the temperature of the substrate can reach dangerous levels, such as those 
experienced in the Fukushima disaster. The limit of LFP has stalled abilities for thermal 
management of high-temperature devices and has impacted a broad spectrum of systems. 
The ability to raise LFP or to completely eliminate LFP opens a new path for breakthroughs 
in these systems.   
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1.1. Literature 
A range of surface engineering approaches has been created to tune LFP. The 
earlier approaches included exploring different surface materials [46-48], tuning the 
roughness of surfaces [49-51], and using porous surfaces [52,53]. Recently, the dynamic 
field of nanotechnology has promised new avenues for surface engineering to tune LFP 
further. The later approaches included nanorough surfaces [54], nanofiber mats [55], 
micro/nano structured surfaces [56-63] and hierarchical surfaces [56-64]. In addition to 
surface engineering, other parameters such as tuning ambient pressure [65-67], chemical 
modification of the cooling medium [51,68-73], actuating inertia of the droplets[74-78] 
and active approaches (e.g. electrical fields [79-81]) are exploited to boost LFP.  However, 
surface engineering is more appealing as other solutions are often constrained. We have 
summarized the reported LFP and their suggested physics for a water droplet with radius 
of 1.1-1.9 mm in Supplementary Information. The maximum reported LFPs of a water 
droplet is for hierarchical structures in value of 453 oC [64] and 400 oC [56]. In both of 
these structures, micro-pillars of Si were coated with nanoparticles (NPs) to provide a 
multi-scale structure to boost LFP. Kim et al. [64] suggested a mechanism for superior 
performance of hierarchical structures. Once a droplet approaches a hierarchical surface, if 
the thickness of the features on the surface is less than the thickness of the insulating vapor 
film, the features will only increase the shear resistance for vapor flow and consequently 
thicken the vapor film. In this case, the surface features do not play any role in the increase 
of LFP. However, as the droplet evaporates, the thickness of Leidenfrost film decreases 
with the rate of 𝑅4/3 [45] and the droplet ultimately forms contact with the surface. Note 
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that 𝑅 denotes the radius of the droplet. Upon contact, the heterogeneous nucleation of 
bubbles can occur if cavities are available for nucleation. To introduce these cavities on the 
surface, Kim et al.[64] used nano-particles on the micro-posts of hierarchical structures to 
show the role of these nano-features on the transition from film boiling to nucleate boiling. 
Thus, both length scales on the surface contribute to boost LFP. Despite a long time effort, 
a rational approach for complete suppression of LFP is missing. This suppression will be 
a breakthrough in thermal management of high-temperature systems.   
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2. Decoupled Hierarchal Structure 
In the Leidenfrost phenomenon, the de-wetting upward force by vapor, which is 
caused by pressure gradient of the vapor flow underneath of the droplet, keeps the cooling 
droplet suspended and impedes contact of the droplet with the hot solid substrate. Here, we 
have developed a new paradigm and corresponding material structure for suppression of 
Leidenfrost phenomenon. Through decoupled hierarchical structures, we re-route the vapor 
flow and keep the cooling droplet in contact with the hot solid at extremely high 
temperatures. These new structures are composed of two sub-structures, a nano-membrane 
and a deep microstructure, Fig. 1a. Once a cooling droplet sits on the nano membrane, the 
generated vapor enters the deep microstructure and flows radially, while the nano 
membrane keeps the cooling droplet in contact with the hot solid through the capillary 
force. The de-wetting upward force by the vapor is only a function of dimensions of the 
microstructure, but downward capillary force, which keeps the droplet in contact with the 
hot solid, is only a function of pore dimensions in the nano membrane. Thus, as these forces 
are decoupled and independent, by tuning of these forces, the droplet can be kept in contact 
with the hot solid substrate even at high temperatures. 
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 In the Leidenfrost phenomenon, the insulating vapor layer impedes the direct contact of 
a cooling droplet and a hot substrate and significantly drops the dissipated heat flux. The 
thickness of static Leidenfrost film for small droplets is determined through the balance of 
interfacial mass flux and shear flow of vapor in the vapor film and is written as [45]  
 
𝑒 = (
𝑘𝑣 ∆𝑇 𝜇𝑣 𝜌𝑙 𝑔
ℎ𝑓𝑔 𝜌𝑣 𝛾2
)1/3 𝑅4/3, 
(1) 
where 𝑘𝑣 denotes the thermal conductivity of the vapor, ∆𝑇 the temperature difference 
between the solid substrate and the saturation temperature of liquid at the given pressure, 
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Figure 1. a) A schematic of decoupled hierarchical structure for suppression of Leidenfrost phenomenon is 
shown. b) The velocity field in the microstructure. c) The de-wetting pressure field by the vapor flow 
d) The ratio of de-wetting pressure to the capillary pressure as a function of temperature 
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𝜇𝑣 the viscosity of the vapor, 𝜌𝑙 the density of liquid, 𝑔 the gravitational acceleration, ℎ𝑓𝑔 
the enthalpy of the liquid-vapor phase change, 𝜌𝑣 the density of vapor phase, and 𝛾 the 
surface tension of the liquid-vapor interface. For droplets with a radius larger than the 
capillary length, the thickness of Leidenfrost film is proportional to 𝑅1/2.  
The new advanced hierarchical structure herein changes the position of insulating 
vapor film and keeps the cooling droplet in contact with the hot solid substrate. As shown 
in Fig. 1a, the decoupled hierarchical structure includes a superhydrophilic nano 
membrane, which is joined on top of a deep Si micro-pillar structure. The height of pillars 
in the deep microstructure should be high enough to reduce the developed pressure by shear 
flow of the vapor in the microstructure. Through simulation of vapor flow, we found that 
the pillars with a height of  > 95 μm is required to suppress LFP up to 570 oC (APPENDIX 
I Information, Fig. 6). Once a droplet contacts the nano membrane, the capillary force per 
unit area by the nano-pores, which is ΔP𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 = 2𝛾 cos 𝜃 /𝑟𝑝, keeps the droplet in 
contact with the nano membrane. Note that 𝜃 and 𝑟𝑝 denote the contact angle of liquid 
meniscuses formed in the nano-pores and radius of the nano-pores, respectively. 
Consequently, liquid forms spherical meniscuses in the nano-pores as the dimension of 
nano-pores is much smaller than the capillary length of the liquid. At the liquid-vapor 
interface, evaporation occurs to dissipate heat flux by the hot solid substrate. The generated 
vapor flows in the microstructure radially and leaves the structure from the sides. Note that 
the shear loss for vapor upward flow through nano-pores is proportional to the thickness 
of the membrane divided by the dimension of the pores. This shear loss is 1-2 orders of 
magnitude higher than the shear loss through the microstructure. Thus, the generated vapor 
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flows predominantly radially in the microstructure. If the de-wetting force by vapor flow 
overcomes the capillary force, the droplet will detach from the substrate and adopt a 
Leidenfrost state. We should emphasize that these forces are decoupled and independent. 
The capillary force is a function of the characteristics of the nano membrane, while the de-
wetting force by the vapor is a function of characteristics of microstructure. Thus, these 
forces can be modified independently to tune the LFP. We simulated the vapor flow in the 
microstructure to obtain an insight on pressure field of vapor. The details of simulation are 
given in the Supplementary Information. Also, we provide an approximate analytical 
solution of maximum pressure generated by the vapor flow in the Supplementary 
Information. In Fig. 1b, the velocity field of the vapor in the microstructure is shown. 
Although the vapor velocity reaches high values, the assumption of laminar flow field is 
still valid. Furthermore, we simulated the generated pressure field in the microstructure 
during the vapor flow as shown in Fig. 1c. If the maximum generated pressure in the 
microstructure is less than the induced capillary pressure by the nano membrane, the 
droplet will remain attached to the nano membrane and the Leidenfrost state is suppressed. 
Through these simulations, we can compare the ratio of pressures by the shear flow and 
the capillary phenomenon at different temperatures. This ratio is shown in Fig. 1d for 
several dimensions of nano membranes. Note that for a membrane with pore diameter of 
80 nm, no Leidenfrost state will occur until a temperature of 570 oC. 
 As the microstructure is a deep microstructure (height of 95 ± 2 μm), we developed a 
custom-designed micro-fabrication approach for these structures. The details of this 
approach are provided in the Experimental Methods. The picture of the developed 
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microstructure is shown in Fig. 2a. We used Anodic Aluminum Oxide (AAO) as the nano 
membrane. These membranes with varied pore diameters were obtained from Synkera 
Technologies Inc. These membranes have a diameter of 25.4 mm, a thickness of 50 μm, 
and a pore density of 10%. We needed the contact angle of water in the nano-pores to 
determine capillary pressure in these pores. Once a water droplet is deposited on the nano 
membrane, the contact line rests on the flat area of the membrane and in some parts will 
be pinned by the nano-pores. As the covered area by the pores is only 10%, we consider 
that macro contact angle is not affected by the presence of the pores. As shown in Fig. 2b, 
we measured the contact angle of a water droplet on a pre-cleaned nano membrane and 
used this contact angle to determine the capillary pressure in the pores. The nano-
membrane was cleaned with plasma cleaner (Harrick Plasma PDC-001-HP) before these 
measurements. The measured contact angle of a water droplet on these nano membranes is 
3 ± 1o. Thus, the membrane provides a superhydrophilic surface for the water droplet and 
once the liquid impregnates the nano pores, it adopts a lower contact angle. After 
fabrication of the microstructure, we used a sintering approach to attach the nano 
membrane to the Si micro pillars. A schematic of this approach is shown in APPENDIX II 
Fig. 7.  In this approach, we utilized Au as the interlayer between the nano membrane and 
the micro-pillar structure [82]. One side of the nano membrane was coated with Au in the 
e-beam evaporator with a thickness of 300 nm. Also, the top of the micro pillars was coated 
with a thin layer of Au having a thickness of 500 nm.  To open the nano pores, the nano 
membrane was physically etched using RIE180. The coated samples were assembled on 
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top of each other and a pressure of 2 MPa was applied to the sample. The sample was 
sintered at a temperature of 600 oC. The final structure is shown in Fig. 2c.  
Once the decoupled hierarchical structure was developed, we examined the heat dissipation 
by these new structures. 
 
Figure 2. a) The structured of deep Si micro-pillar structures is shown. b) The contact angle of a water droplet 
on the AAO nano membrane is measured. c) The developed decoupled hierarchical structure is 
shown.  
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3. Result and Discussion  
The experimental setup is developed as shown in the APPENDIX III Fig. 8. The 
decoupled hierarchical structure was thoroughly cleaned by plasma cleaning and was 
placed on the heating stage. Through fluid dispensing systems, droplets of DI water with a 
volume of 30 𝜇𝐿 were introduced on the structure at a height of 4 mm (We~4.4). We 
minimized the distance between the droplet and the structure to suppress the role of droplet 
inertia on the droplet spreading. The temperature of the decoupled hierarchical structure 
was measured close to the droplet deposition coordinate with two independent 
thermocouples. These thermocouples are attached to the hierarchical structure with a 
thermal paste (OMEGA THERM 201). We measured the phase change characteristics of 
the water droplets as a function of temperature on these surfaces. These characteristics are 
captured using a high-speed camera (V711, Vision Research). As shown in Fig. 3a, at low 
value of superheat, the droplet is attached to the surface through the capillary force and 
thin film evaporation occurs underneath of the droplet. As the porosity of the studied 
membrane is only 10%, the evaporation rate of the droplet is small. As we increase the 
temperature, the phase-change characteristic enters a new regime in which nucleate boiling 
and thin-film evaporation occur simultaneously. Thus, the evaporation time of the droplet 
is reduced. We have shown the phase-change characteristics of a water droplet for four 
temperatures. Note that even up to a temperature of 540 oC, we did not observe the 
Leidenfrost phenomenon. We emphasize that the maximum measured Leidenfrost 
temperature on state-of-the-art surfaces is 453 oC [64]. The common approach to determine 
LFP and heat dissipation characteristics of a surface by a cooling sessile droplet is 
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measurement of the evaporation time as a function of temperature [83]. In Fig. 3b, we have 
plotted the water droplet evaporation time as a function of temperature on decoupled 
hierarchical structures. We developed these decoupled hierarchical structures with two 
nano membrane pore dimensions and examined their phase-change characteristics as 
shown in Fig. 3b. As the porosity of the nano membranes are the same, the difference in 
the evaporation rate cannot be related to the enhanced surface area for evaporation.  
 
Figure 3. a) The phase-change characteristics of a water droplet on smooth decoupled hierarchical structure 
are shown. b) The droplet evaporation time by two types of decoupled hierarchical structure is 
measured. The evaporation time is a decreasing function of temperature. 
We expect that the observed difference in the evaporation rate is caused by the non-
uniform distribution of pores on the surface. As the characteristic curve shows, through 
decoupling of the de-wetting force of vapor flow and the capillary force, the Leidenfrost 
state is completely suppressed. However, the evaporation time of the droplets on these 
surfaces is higher than the state-of-the-art surfaces. This high evaporation time is caused 
by two parameters: low porosity of the nano membrane (10%) and consequently low 
surface area for phase-change and inadequate active site for heterogeneous nucleation of 
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vapor bubbles on the smooth nano membrane surface. To overcome this shortcoming of 
these smooth decoupled structures, we enhanced the nucleation sites of bubbles on the nano 
membranes through deposition of NPs. We deposited a layer of SiO2 NPs on the decoupled 
hierarchical structure with nano pore dimension of 80 nm. The detail of the deposition 
approach is given in the Experimental Methods. Once the coated decoupled hierarchical 
structure is developed, we examined heat transfer characteristics of this structure on the 
heating stage. These characteristics are shown in Fig. 4a. Similar to the previous structures, 
we observed two regimes of phase-change. At low values of superheat, thin film 
evaporation at the mouth of the nano-pores occurs and the phase-change characteristics are 
similar to the decoupled hierarchical structures without coated NPs. However, as we 
increase temperature, the nucleation sites on the surface are activated and we observe the 
transition to the thin-film evaporation/boiling regime. The phase-change on these 
structures is more chaotic as enhanced boiling on the nano membrane surface occurs. We 
continued these experiments to a temperature of 570 oC. No LFP was observed on these 
decoupled hierarchical structures. The characteristics curve of evaporation time of a water 
droplet on these surfaces is shown in Fig. 4b. As shown, at high values of superheat the 
evaporation time on these surfaces is reduced by approximately two orders of magnitude. 
Nucleate boiling at the nano-membrane surface and evaporation at the mouth of nano-pores 
are responsible for this remarkable evaporation rate. We emphasize that the developed 
structures are sintered at 600 oC, and conducting experiments at higher temperatures ( > 
570 oC) would affect the integrity of the structure. However, once higher temperature 
joining approach is implemented, these structures can be operated at higher temperatures.   
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Figure 4. a) The phase-change characteristics of a water droplet on NP coated decoupled hierarchical 
structure at four temperatures are shown. b) The evaporation time of a water droplet on decoupled 
hierarchical structure and NP coated one are compared.  
We compared heat transfer characteristics of the NPs coated decoupled hierarchical 
structure with other state-of-the-art surfaces as shown in Fig. 5. One of the structures is a 
hierarchical structure [64] in which Si micro-pillar structure is coated with SiO2 NPs 
through layer-by-layer deposition. The procedure for this deposition was initially proposed 
by Iler [84] and further improved for aqueous solutions by Lee et al. [85] The onset of film 
boiling in this structure is at a temperature of 250 oC, and the LFP occurs at a temperature 
of 453 oC. The other state-of-the art structure is a zirconium nanotube structure [86], which 
is developed through anodic oxidation technique with hydrofluoric acid (0.5%). The onset 
of film boiling on this structure is close to 250 oC and LFP occurs at a temperature of 350 
oC. We emphasize that LFP of around 400 oC is also reported by kwon et al. [56] in Si 
hierarchical structures, but the characteristic curve of evaporation time was not reported. 
As shown, the developed decoupled hierarchical structure in this work shows a distinct 
characteristic compared to the other structures. The Leidenfrost state in these structures is 
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suppressed up to temperature of 570 oC. The evaporation rate of a droplet and consequently 
the dissipated heat by these surfaces is two orders of magnitudes higher the other state-of-
the-art surfaces.  
 
Figure 5. The phase-change characteristic on decoupled hierarchical structures is compared with state-of-
the-art surfaces. On both other surfaces, LFP occurs which limits heat dissipation capacity by 
these surfaces.  
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4. Conclusions  
In conclusion, we have presented a new paradigm for heat dissipation at high 
temperatures and demonstrated the corresponding surface structure for suppression of 
Leidenfrost phenomenon. In these decoupled hierarchical structures, the de-wetting force 
by the vapor is governed by the microstructure while the capillary force is governed by the 
nano membrane. Through independent tuning of these forces, we have suppressed the 
formation of continuous vapor film underneath of a cooling droplet (Leidenfrost 
phenomenon). These novel structures show two orders of magnitude higher heat 
dissipation capacity compared to other state-of-the-art surfaces. This is to our knowledge, 
the first reported surface with no Leidenfrost phenomena. These surfaces open a new path 
for thermal management of high power density systems and breakthroughs in power 
generation, chemical reactors, and aviation systems.    
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APPENDIX I: Schematic of Microstructure 
 
Figure 6. The top view of the developed model of vapor flow in the microstructure is shown. The model 
includes the nano-membrane, which is assembled on top of the micro-pillars. The generated vapor 
at the nano-pores flows in the microstructure radially and leaves the structure. 
Deep  
Si micro 
pillars  
Nano pores  
W 
2r 
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APPENDIX II: Schematic Figure of Decoupled Hierarchical 
Structure Fabrication  
 
Figure 7. a) The deep Si microstructure was fabricated in the first step. b) A layer of Au film with thickness 
of 500 nm was coated on the pillars through e-beam evaporation  c) The nano-membrane and the 
microstructure were assembled on top of each other. d) The structure was sintered  
b c 
d e f 
a 
57 
 
APPENDIX III: Experimental Setup 
 
 
 
Figure 8.    A water droplet with volume of 30 μl is deposited on the surface. The characteristics of the 
droplet are visualized with a high-speed camera. The temperature of the surface is measured with 
two independent thermocouples. The temperature of the heating stage is controlled with a PID 
controller. 
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APPENDIX IV: Heat Flux Comparison 
 
Figure 9. Heat flux by the decoupled hierarchical structure is compared with other state-of-the-art surfaces. 
The heat flux is determined through the evaporation time of the droplet and the contact area at 
different temperatures. 
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APPENDIX V: LEIDENFROST LIMIT 
The reported LFP and their suggested physics for a water droplet with radius of 1.1-1.9 
mm is summarized in Table 1.  
Table 1. The reported surfaces to boost LFP 
Approach Fluid Method LFP limit (oC) 
De-coupled hierarchical 
structures (This work) 
DI Water Passive 
No limit was 
found.  
Hierarchical structures, Nano 
SiO2 on Si posts1 
DI Water Passive 453 
Hierarchical Si structure2 DI Water Passive 400 
Zirconium nanotube3 DI Water Passive 370 
Polymer nanofiber mats4 DI Water Passive 300 
Salt deposition on surface5  DI Water + KCl Passive 280 
Salts increased surface 
roughness6 
DI Water + 
MgSO4 
Passive 240 
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APPENDIX VI: SIMULATIONS  
 We developed a model of these decoupled hierarchical structures as shown in Fig. 6. 
The model includes the pillars with width of 40 μm, pitch of 60 μm between pillars, and 
height of 95 μm. The boundary conditions are the outlet pressure of the vapor (100 kPa) 
and symmetry boundary condition at the center of the droplet. As the droplet evaporates at 
the mouth of nano-pores, the generated vapor flows in the microstructure radially and 
leaves the structure from the sides. The velocity of the vapor at the nano-pores is the 
required input to the model. For this given velocity of vapor at the mouth of nano-pores, 
we can determine the velocity field in the microstructure and consequently the generated 
pressure field and maximum pressure of vapor underneath of the droplet. Comparison 
between this maximum pressure and capillary pressure defines the onset of LFP.  
As discussed, we need to determine the velocity of generated vapor at the mouth of nano 
pores. The average vapor velocity from the energy balance at the liquid-vapor interface is 
written as  
 
𝑉𝑛𝑎𝑛𝑜−𝑝𝑜𝑟𝑒 ≅  
 𝑞 𝑤2 
ℎ𝑓𝑔 𝜌𝑣 (2𝑟 + 𝑤)2 𝜚
 ,   (1) 
where 𝑞 denotes the heat flux, 𝑤 width of the micro pillars, ℎ𝑓𝑔 the enthalpy of liquid-
vapor phase change, 𝜌𝑣 the density of vapor phase, 2𝑟 pitch between pillars, and 𝜚 the 
porosity of the nano membrane. The conductive heat flux to the liquid-vapor interface 
occurs through the micro-pillars. Thus, the heat flux can be approximated as 𝑞 =  Δ𝑇 /𝑅𝑡ℎ, 
where 𝑅𝑡ℎ is the thermal resistance of the decoupled hierarchical structure. This thermal 
resistance is written as  
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𝑅𝑡ℎ =
ℎ
𝑘𝑠𝑖
, (2) 
where 𝑘𝑠𝑖 denotes thermal conductivity of Si (149 Wm
-1k-1). Note that we assume all the 
conducted heat through pillars is used in the evaporation process at the nano pores. For a 
given superheat of the substrate (Δ𝑇), we determined the conducted heat flux to the liquid-
vapor interface and consequently the average vapor velocity through Eq. (1).  This average 
velocity was an input to the model to determine the onset of LFP for different nano-
membrane dimensions, which is shown in Fig. 1d.  
One can use an approximate analytical model to determine the maximum pressure drop 
generated by the vapor flow. The ratio of this shear pressure drop and capillary pressure 
determines the onset of LFP in the structure. The vapor flow in the microstructure can be 
modeled as a viscous dominated radial Poiseuille flow and the average velocity of vapor is 
written as  
 
𝑉𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ≅  
 𝑞 𝜆 𝜚
ℎ𝑓𝑔 𝜌𝑣 ℎ
 ,   (3) 
where 𝜆 denotes length of the contact patch with the surface and ℎ the height of pillars in 
the de-coupled hierarchical structure. The induced pressure gradient in the vapor phase is 
a result of two shear losses, one associated with the gradient of vapor velocity across the 
height of pillars, 𝜇𝑣 𝑉/ℎ2 and the other with velocity gradient across the pitch between 
pillars, 𝜇𝑣 𝑉/𝑤2. The viscosity of vapor is denoted by 𝜇𝑣. The pressure gradient for the 
vapor flow is the superposition of these shear losses and is written as 𝜇𝑣 𝑉(ℎ−2 + 𝑤−2). 
Thus, one can write the de-wetting upward force per unit area by the vapor flow as   
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ΔP𝑠ℎ𝑒𝑎𝑟 ≈  
𝜇𝑣 𝑞 𝜆 𝑙 𝜚 (ℎ−2 + 𝑤−2)
 ℎ𝑓𝑔 𝜌𝑉 ℎ 
, (4) 
where 𝑙 denotes the length scale for radial flow of vapor, which is the width of the surface. 
We considered 𝜆 is equal to the pitch between pillars. The determined maximum pressure 
drop by the approximate analytical model is within 10% of the simulated model. Thus, one 
can use the analytical model to approximately determine the dimension of required nano-
membrane for any given microstructure.  
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